Current models of basal ganglia circuitry primarily associate the ventral thalamic nuclei with relaying basal ganglia output to the frontal cortex. However, some studies have demonstrated projections from the ventral anterior (VA) and ventral lateral (VL) thalamic nuclei to the striatum, suggesting that these nuclei directly modulate the striatum. VA/VL nuclei have specific connections with primary, supplementary, premotor, and cingulate motor cortices indicating their involvement in motor function. These areas mediate different aspects of motor control such as movement execution, motor learning, and sensorimotor integration. Increasing evidence indicates that functionally related motor areas have convergent projections to the dorsal striatum, suggesting that integration of different aspects of motor control occur at the level of the striatum. This study examines the organization of VA/VL thalamic inputs to the dorsal "motor" striatum to determine how this afferent projection is organized with respect to corticostriatal afferents from motor, premotor, and cingulate motor areas. Motor cortical projections to specific dorsal striatal regions arose from multiple areas, including components from primary motor, premotor, supplementary, and cingulate motor areas. Diverse motor cortical projections to a given dorsal striatal region indicated convergence of functionally related corticostriatal motor pathways. Most dorsal striatal sites received dense thalamic inputs from the VL pars oralis nucleus. Additional thalamostriatal projections arose from VA, VL pars caudalis, and ventral posterior lateral pars oralis nuclei and Olszewski's Area X. Our results provide evidence for convergent striatal projections from interconnected ventral thalamic and cortical motor areas, suggesting that these afferents modulate the same striatal output circuits.
The thalamus provides the second largest source of excitatory input to the striatum. The role of the thalamostriatal projection, however, remains unclear and has consequently been relatively ignored in models of basal ganglia function. Although the midline and intralaminar thalamic nuclei are most often associated with the thalamostriatal projection (Jones and Leavitt, 1974; Fénelon et al., 1991; Giménez-Amaya et al., 1995) , some studies have also shown projections from the ventral anterior (VA) and ventral lateral (VL) thalamic nuclei (Smith and Parent, 1986; Nakano et al., 1990; Druga et al., 1991) . Despite this, current models of basal ganglia circuitry only associate the VA/VL nuclei with relaying basal ganglia output from the globus pallidus and substantia nigra, pars reticulata to the frontal cortex DeLong, 1990; Wichmann and DeLong, 1996) . Direct thalamostriatal projections from VA/VL nuclei indicate that these nuclei play a primary role in modulating the striatum. Although the intralaminar nuclei are less well defined with respect to their circuitry and function, the fact that the ventral tier thalamic nuclei have specific connections with motor, premotor, and cingulate motor cortices indicates their involvement in motor function (Schell and Strick, 1984; Wiesendanger and Wiesendanger, 1985; Vogt et al., 1987; Matelli et al., 1989; Holsapple et al., 1991; Kurata, 1994; Matelli and Luppino, 1996) .
Primary, supplementary, premotor, and cingulate motor areas mediate different aspects of motor control Shima et al., 1991; Matsuzaka et al., 1992; Dum and Strick, 1993; Kurata, 1993; Rizzolatti et al., 1996; Graziano et al., 1997) . Primary motor, the caudal premotor, supplementary (SMA-proper), and cingulate motor (CMAc) areas are predominately involved in movement execution, whereas the rostral premotor, presupplementary (Pre-SMA), and cingulate motor (CMAr) areas are involved in motor learning and sensorimotor integration. Medial (i.e., SMA and cingulate) and lateral premotor areas also play important roles in internally versus externally guided movements, respectively (Kurata and Wise, 1988; Mushiake et al., 1991; Kimura et al., 1992; Kurata and Hoffman, 1994) .
These cortical regions all project to the dorsal "motor" striatum, including the dorsal, postcommissural putamen and the dorsolateral head of the caudate (Haber et al., 1994; Parent and Hazrati, 1995) . Prevailing theory suggests that the striatum simultaneously processes multiple motor cortical projections, carrying different aspects of motor control, in parallel. However, increasing evidence indicates that certain motor areas, such as the primary and supplementary motor cortices, have convergent projections to the dorsal striatum Takada et al., 1998a,b) . Execution of complex behaviors requires sequencing, coordination, and, ultimately, the execution of movements. Convergent corticostriatal projections from functionally related motor areas [e.g., primary motor cortex (M1) and SMA] suggest that such integration of motor functions occurs at the level of the striatum. Because ventral thalamic nuclei are intimately related to specific frontal motor areas, ventral thalamic projections to the dorsal striatum may also play a critical role in integrating corticostriatal motor circuits. Thus, the goal of this study was to examine the organizational relationship of ventral thalamostriatal projections to motor cortical afferents within particular subregions of the dorsal "motor" striatum.
To examine the organization of multiple motor cortical and ventral thalamic afferents, we placed discrete injections of retrograde tracers into different regions of the dorsal striatum. On the basis of the distribution and relative density of motor cortical projections to specific dorsal striatal sites, we characterized functional subregions within the dorsal motor striatum. Then we compared the organization of ventral thalamic projections with that of motor cortical afferents to the same dorsal striatal site. In particular, we examined the hypothesis that interconnected frontal cortical and ventral thalamic areas project to the same dorsal striatal regions.
MATERIALS AND METHODS
Surger y and tissue preparation. Eight adult, macaque monkeys (Macaca mulatta and M. nemestrina) were used for these retrograde tracing experiments. Before surgery, monkeys were tranquilized by intramuscular injection of ketamine (10 mg / kg), and a surgical plane of anesthesia was maintained by intravenous injection of pentobarbital (initial dose 20 mg / kg, i.v., and maintained as needed). Temperature, heart rate, and respiration were monitored throughout the surgery. Monkeys were placed in a Kopf stereotaxic, a midline scalp incision was made, and the muscle and fascia were displaced laterally to expose the skull. A craniotomy (ϳ2-3 cm 2 ) was made over the region of interest, and small dural incisions were made only at recording or injection sites. Serial electrode penetrations were performed to identif y patterns of neuronal activity that indicate the boundaries of different basal ganglia structures and to locate the desired injection sites (Haber et al., 1993) . Accurate placement of tracer injections was achieved by caref ul alignment of the injection cannulae with the electrode.
The retrograde tracers, wheat germ agglutinin conjugated to horseradish peroxidase (WGA-HRP; 40 -50 nl, 4% in distilled water; Sigma, St. L ouis, MO), and L ucifer Yellow conjugated to dextran amine (LY; 40 -50 nl, 10% in 0.1 M phosphate buffer (PB), pH 7.4; Molecular Probes, Eugene, OR), were pressure-injected over 10 min into several different areas of the dorsolateral caudate and putamen using a 0.5 l Hamilton syringe (Fig. 1) . After each injection, the syringe remained in situ for 20 -30 min. Ten to twelve days after surgery, the animals were again deeply anesthetized and perf used with saline followed by a 4% paraformaldehyde/1.5% sucrose solution in 0.1 M phosphate buffer, pH 7.4.
Brains were post-fixed overnight and cryoprotected in increasing gradients of sucrose (10, 20, and 30%) . Serial sections of 50 m were cut on a freezing microtome into 0.1 M phosphate buffer or cryoprotectant solution.
Immunohistochemistr y. Immunocytochemistry was performed on freefloating sections to visualize tracers. Before incubation in primary antisera, tissue was treated with 10% methanol and 3% hydrogen peroxide in 0.1 M PB to inhibit endogenous peroxidase activity and rinsed 1-2 hr in PB. Sections were then preincubated in 10% normal goat serum (NGS) and 0.3% Triton X-100 (TX; Sigma) in PB for 30 min. Tissue was placed in the primary antisera, either anti-LY (Molecular Probes, Eugene, OR) diluted 1:2000 or anti-WGA (Sigma) diluted 1:2000 in 10% NGS and 0.3% TX in PB, for 4 d at 4°C. For visualization of LY and WGA immunoreactivity, the avidin -biotin reaction (rabbit Vectastain ABC kit, Vector Laboratories, Burlingame, CA) was used in conjunction with diaminobenzidine and nickel-intensification procedures. Tissue was thoroughly rinsed in PB with 0.3% TX before incubation in biotinylated goat anti-rabbit IgG, diluted 1:200 in 10% NGS and 0.3% TX in PB at room temperature for 45 min. After extensive rinsing, the tissue was incubated in the avidin -biotin complex solution diluted 1:100 in 10% NGS and 0.3% TX in PB at room temperature for 1 hr. After extensive rinsing, immunoreactivity was visualized using standard diaminobenzidine procedures. Staining was intensified by incubating the tissue for 5-15 min in a solution of 0.05% 3,3Ј-diaminobenzidine tetrahydrochloride, 0.025% cobalt chloride, 0.02% nickel ammonium sulfate, and 0.01% H 2 O 2 to yield a black reaction product. Sections were mounted onto gel-coated slides. For most cases, a set of sections 1.2 mm apart were subsequently counterstained with cresyl violet.
Charting of labeled cells. Retrogradely labeled cells in the thalamus and cortex were charted using a light microscope fitted with a drawing tube. With the aid of a drawing tablet, charts were traced into a Power Macintosh computer to create composite images. Because different species of Macaque monkeys were used in these experiments, retrograde tracer findings were compared qualitatively and quantitatively between species. We found no significant differences in retrograde labeling between rhesus and pig-tail macaques.
Using counterstained or adjacent Nissl-stained coronal sections, we determined the boundaries of cytoarchitectonic areas within the thalamus and the cortex for each animal. In charting labeled corticostriatal neurons, both individual charts of coronal sections and summaries of corticostriatal labeling were made. Summary charts were composed of a combination of a conventional surface view of the dorsal and lateral frontal convexity and an unfolded reconstruction of the cingulate sulcus continuous with medial wall structures (Fig. 2) . The method of reconstruction and display of the medial wall was adapted from Matelli et al. (1985 Matelli et al. ( , 1991 and Dum and Strick (1991) . The distribution of labeled cortical neurons in sections ϳ0.4 mm apart was examined. Because most labeled corticostriatal cells resided within layer V, a virtual line could be drawn at the border between layers III and V (in agranular cortex), and the relative density (within each case) of labeled cells projected onto this line was plotted. Straightening this line for cells in the cingulate sulcus allowed plotting of the relative cell density on summary charts, creating the unfolded reconstruction. In charts, we used anatomical descriptions by Matelli et al. (1985 Matelli et al. ( , 1991 to identif y motor and premotor areas of the frontal cortex. Generic nomenclatures for these areas are used for ease of discussion (Fig. 2) . Recent studies indicate that a portion of the anterior cingulate cortex, adjacent to mesial premotor areas, contains up to three separate cingulate motor areas L uppino et al., 1994) . Anatomical descriptions by Dum and Strick (1993) and Matelli et al. (1991) were used to chart labeled neurons within these cingulate motor areas.
Several different nomenclatures and schemes have been used for delineating the thalamic nuclei in primates (Olszewski, 1952; Hassler, 1959; Percheron, 1977; Jones, 1985; I linsky and Kultas-I linsky, 1987; Jones and Hendry, 1989) . In this study we used the atlas by Olszewski (1952) in conjunction with anatomical descriptions made by Jones (1985) and to help delineate the borders among the different thalamic nuclei. We used the terminology of Olszewski (1952) to describe ventral thalamic nuclei, because this terminology has been widely used in studies that examine the ventral thalamic nuclei in coronal sections with regard to basal ganglia and cerebellar afferents (Schell and Strick, 1984; I linsky et al., 1985; C arpenter, 1989; Hoover and Strick, 1993) . Figure 3 shows Nissl-stained sections through the ventral motor nuclei, illustrating the nuclei subdivisions. We used descriptions by and Fénelon et al. (1991) to identif y the central superior lateral thalamic nucleus and the center median -parafascicular complex (central, or C MPf), respectively.
RESULTS
To examine the distribution of striatal afferents from ventral tier thalamic nuclei and frontal cortical areas, we injected retrograde tracers into discrete regions of the dorsal motor striatum (Fig. 1) . Seven injections were placed into different regions of the postcommissural putamen, including the dorsolateral (cases MN66L, MN102), dorsal-central (cases MR29, MN43, MN44, and MN45), and ventral putamen (case MN39). One injection was located in the adjacent dorsolateral caudate nucleus (MN32). All tracer injections were confined to the striatum. Examination of cortical regions traversed by injection canulae showed no significant leakage or evidence of cortico-cortical labeling.
General cortical and thalamic labeling
Tracer injections into the dorsal striatum labeled corticostriatal cells bilaterally, with fewer and less widely distributed cells in the contralateral cortex. Dorsal striatal injections resulted in dense labeling in primary, supplementary, premotor, and cingulate motor cortices (Table 1) . Individual cases revealed a widespread pattern of convergent corticostriatal inputs from several distinct motor areas. The pattern of labeled motor areas differed depending on the size and location of tracer injection within the dorsal striatum. In general, specific dorsal striatal injections yielded patches of corticostriatal labeling, varying in density, in two or more motor/premotor areas, often including components in the dorsolateral convexity (M1 or PM), medial cortex (SMA/Pre-SMA), and cingulate motor area (see Fig. 10 ). In some cases labeling within a given motor area was patchy and also varied in density (see Fig. 6 B) . Retrogradely labeled cells were primarily found in the superficial part of layer V, but also in layer III (agranular cortical areas) and the deep part of layer V. LYpositive cortical cells were either intensely stained, yielding an almost Golgi-like appearance, or lightly stained with punctate brown-black granules filling the cytoplasm (see Fig. 5B ). WGApositive neurons contained dark-brown granular deposits in the cytoplasm and some proximal processes.
In the thalamus, retrograde labeling was ipsilateral. Dorsal striatal injections resulted in dense labeling in ventral tier nuclei including the VA nucleus, Area X, the pars caudalis (VLc) and pars oralis (VLo) divisions of VL, and the ventral posterior lateral pars oralis (VPLo) nucleus (Table 2 ; see Fig. 10 ). All tracer injections resulted in dense labeling of the VLo with the exception of case MN39, which primarily labeled VA. In general, thalamostriatal labeling in ventral nuclei other than VLo was less dense and varied according to the location of the injection. The caudal intralaminar nuclei were also densely labeled in all cases. Labeled cells in the center median-parafascicular complex were primarily localized to the central third of the complex, or pars media (see Fig. 10 , CMe). 
Projections to the dorsolateral putamen
Cases MN66L and MN102 included injections of WGA-HRP and LY, respectively, located along the dorsolateral border of the postcommissural putamen.
Cortical projections
Dense cortical labeling was located within distinct regions of the M1 and CMAc areas (Table 1; Figs. 4, 5) . In both cases, there were many retrograde cells in the dorsomedial part of M1, extending from the dorsal bank of the cingulate sulcus to the dorsal convexity, corresponding to the leg representation within M1 (Figs. 4 B, 5D ). The distribution of labeled cells in the dorsomedial M1 was widespread and extended rostrally into the SMAproper and caudally to the border of the precentral gyrus. In case MN102, there was an additional, dense group of WGA-positive cells in M1 located at the dorsal border of and within the central sulcus (Fig. 4 B) . Caudally, this dense group of labeled cells was continuous with cells on the medial surface. Another dense group of retrograde cells was found in the fundus and ventral bank of the cingulate sulcus, corresponding to the CMAc (Fig. 4 A,  CMAc) . In caudal sections, WGA-positive cells in the cingulate were only in the dorsal bank of the sulcus, less densely distributed and continuous with those in the medial wall of M1. Although the distribution of labeled cells in case MN66L was similar to that in MN102, case MN66L contained an additional, dense group of LY-positive cells in the caudal, ventral premotor cortex (PMvc) (Fig. 5B) . Cell labeling in the PMvc was distributed widely in both 
Cortical areas are grouped into agranular frontal cortical regions associated with motor control and four (dys)granular frontal cortical areas that contributed significant projections to dorsal striatal sites. Values are based on relative densities of retrogradely labeled neurons in each frontal cortical area as seen in representative coronal sections (0.4 mm apart), where Ϫ represents no retrogradely labeled cells observed and ϩ to ϩϩϩϩ represent increasing relative densities from few cells to very dense labeling (parentheses denote an intermediate weighting). To facilitate comparison between cases, the density of retrogradely labeled neurons in each cortical region is weighted relative to the cortical area with the densest labeling in each of the cases. Frontal cortical areas not detailed in this table contained only occasional or no labeled cells. M1, Primary motor cortex; SMA, supplementary motor area; CMAc, caudal cingulate motor area; PMdc, dorsal-caudal premotor cortex; PMvc, ventral-caudal premotor cortex; PMvr, ventral-rostral premotor cortex; PMdr, dorsal-rostral premotor cortex; CMAr, rostral cingulate motor area.
superficial and deep layers, including cortical layers III, V, and some of VI (Fig. 5B) .
Ventral thalamic projections
Dense concentrations of retrogradely labeled cells were found in the ventral lateral complex, in particular in the pars oralis divisions of both the VLo and VPLo nuclei (Table 2) . Labeling in the caudal half of VLo was especially dense and spanned the dorsoventral extent of the nucleus (Figs. 4C, 5E ). There were some scattered labeled neurons in adjacent nuclei medial to VLo, including the VA nucleus and the VLc. Retrograde labeling in VLc was restricted to its rostral, medial portion (Fig. 4 D) . Within VPLo there were many labeled cells, mainly in its ventromedial half (Figs. 4 D, 5F , G). Few labeled cells extended medially into Olszewski's Area X.
Projections to the dorsal, central putamen
Dorsal, central putamen injections included cases MR29 and MN43-45. Case MR29 is an WGA-HRP injection at the dorsal border of the putamen at the level of the decussation of the anterior commissure. Cases MN43-45 are LY injections, located caudal and slightly ventral to MR29.
Cortical projections
Similar to dorsolateral injections, dorsal, central putamen injections revealed dense frontal cortical labeling in several distinct motor areas (Table 1) . In case MR29, dense concentrations of WGA-positive cells were primarily located in the M1; the caudal, dorsal premotor cortex (PMdc), and Pre-SMA (Table 1) . Cell labeling in M1 was confined to the rostral, medial wall and extended into the caudal part of SMA (Figs. 6C, 10D ). In PMdc there were a few distinct patches of labeled cells. The largest and densest cell group was located medial to the dimple in the superior frontal gyrus. Discontinuous patches of moderately dense cell labeling were seen laterally and extended into the arcuate spur (Fig. 6 B) . Dense cell labeling was also found in the caudal Pre-SMA, primarily in its ventral half, extending into the dorsal bank of the cingulate sulcus (Fig. 6 A) . In addition, there was a separate, moderately dense group of WGA-positive cells rostrally within the ventral bank of the cingulate sulcus corresponding to the CMAr. Caudally, labeled cells in medial areas were more prominent in the fundus of the cingulate sulcus and the CMAc (Fig. 6 B) . In contrast to that in MR29, the distribution of cortical labeling in cases MN43-45 was more widespread and included additional, dense projections from SMA-proper and the ventral premotor cortex (Table 1) . In case MN43, LY-positive cells were densest in the rostral half of SMA and extended ventrally into the cingulate sulcus and dorsally into PMdc (Figs. 7B-D) . Labeled cells in PMdc were widely distributed, loosely organized, and extended laterally into the spur of the arcuate sulcus. Labeled cells in the medial and lateral PMdc were continuous with those in the rostral PMd (PMdr). In the ventral PM area (PMvc), there was a separate, moderately dense group LY-positive cells anterior to the central sulcus (Fig. 7C) . Dense cell labeling was also present rostrally in Pre-SMA, in particular along the medial wall (Fig.  7A) . LY-positive cells were scattered throughout the cingulate motor areas, but most dense in the rostral half of CMAc, in particular the fundus and ventral bank of the cingulate sulcus (Figs. 7 B, C) .
Ventral thalamic projections
As in dorsolateral cases, the densest concentration of retrogradely labeled cells was found in VLo (Table 2 ). In case MR29 there were dense clusters of WGA-positive cells in the dorsolateral and central parts of VLo (Fig. 6 D-F ) . Labeled cells in the caudal and ventral part of VLo were more scattered and extended into the lateral half of the ventral lateral, pars medial nucleus (Fig. 6 F, VLm) . Dorsally, a few WGA-positive cells were seen in the rostral, central part of VLc. Cases MN43-45 yielded a more widespread distribution of retrograde labeling in ventral tier nuclei than that in case MR29. Although the main concentration of labeled cells was in VLo, there were numerous LY-positive cells throughout the lateral part of VA and Area X (Fig. 7E-G) . A few, scattered labeled cells were also seen in the lateral part of magnocellular division of VA (VAmc), VLm, and medial VLc.
Projections to the ventral putamen
Case MN39 included a WGA-HRP injection into the caudal, ventral part of the dorsolateral striatum.
Cortical projections
Frontal motor areas containing dense cell labeling included the ventral PM, Pre-SMA, and rostral CMA (Table 1) . There were many WGA-positive cells throughout both the caudal and rostral divisions of PMv. In contrast to dorsal putamen injections, there were no WGA-positive cells in the medial M1 or PMd. WGA- 
Values are based on relative densities of retrogradely labeled neurons in each thalamic nucleus as seen in representative coronal sections (0.8 -1.2 mm apart), where Ϫ represents no retrogradely labeled cells observed and ϩ to ϩϩϩϩ represent increasing relative densities from few cells to very dense labeling (parentheses denote an intermediate weighting). To facilitate comparison between cases, the density of retrogradely labeled neurons in each thalamic nucleus is weighted relative to the nucleus with the densest labeling in each case. VPLo, Ventral posterior lateral pars oralis; VLo, ventral lateral pars oralis; VLc, ventral lateral pars caudalis; VA, ventral anterior pars parvicellular; VAmc, ventral anterior pars magnocelluaris.
immunoreactive cells in PMv extended from the arcuate sulcus ventrally into the precentral opercular area spanning the width of layer V (Figs. 8C-E) . Caudally, labeled cells in PMvc extended partly into the face area of M1. There was also a relatively small but dense group of WGA-positive cells in the caudal, dorsal part of Pre-SMA (Fig. 8 B) . In addition, there was a separate, moderately dense group of labeled cells in the ventral bank of the cingulate sulcus in CMAr (Fig. 8 A, B) . 
Ventral thalamic projections
In contrast to other dorsolateral cases, the densest retrograde labeling in case MN39 was not found in VLo but rather in the parvicellular, VA nucleus (Table 2 ). There were many WGA-positive cells in the ventromedial part of the caudal VA, near the border of the magnocellular division of VA (Figs. 8F,G, VAmc) . More caudally there was an isolated, small group of WGA-immunoreactive cells in the dorsomedial part of the rostral VLo (Fig. 8H ).
Projections to the dorsolateral caudate nucleus
Case MN32 included a WGA-HRP injection into the dorsolateral head of the caudate nucleus. 
Cortical projections
In contrast to dorsal putamen injections, dense cortical labeling was primarily limited to rostral, motor cortical areas (Table 1) . There were dense groups of WGA-positive cells in PMdr and Pre-SMA. Two dense groups of labeled cells were identified in PMdr: one located centrally in the dorsal convexity and the other within the dorsal bank of the arcuate sulcus (Fig. 9B ). Labeled cells in PMdr extended caudally into part of PMdc. In Pre-SMA, dense WGA labeling was located in the rostral, ventral part of the medial wall and extended into the dorsal bank of the cingulate sulcus (Fig. 9A ). There were scattered WGA-positive cells along the medial wall of the cingulate gyrus (area 24b).
Ventral thalamic projections
The densest concentrations of labeled cells were located in VLo and VLc (Table 2 ). There were many WGA-positive cells in the rostral, central part of VLo (Fig. 9D) . Caudally, labeled cells in VLo were more scattered but occupied most of the nucleus. Cell labeling in VLc was densest in the rostral and medial part of the nucleus (Fig. 9E) . In contrast to other dorsal striatal injections, there were no labeled cells in VPLo or Area X. Rostrally, there were a few WGA-immunoreactive cells in the rostral, lateral portion of the parvicellular division of VA.
DISCUSSION
We examined the organization of ventral tier thalamic inputs to the motor striatum to determine how this afferent projection is organized with respect to corticostriatal afferents from motor and premotor areas. Specific dorsal striatal regions received frontal cortical projections from several anatomically distinct but functionally related motor areas. The dorsal striatum also received dense projections from the ventral anterior and ventral lateral thalamic nuclei. Ventral thalamostriatal projections are significant in that VA/VL nuclei are primarily thought to relay basal ganglia and cerebellar output to the frontal cortex (Asanuma et al., 1983; Schell and Strick, 1984; Rouiller et al., 1994; Sakai et al., 1996) . Ventral thalamic motor nuclei have differential connections with these motor cortical areas (Wiesendanger and Wiesendanger, 1985; Matelli et al., 1989; Dum and Strick, 1993; Matelli and Luppino, 1996) . Our results provide evidence for convergent striatal projections from interconnected ventral thalamic and frontal cortical motor areas, suggesting that these striatal afferents modulate the same striatal output circuits.
Organization and function of corticostriatal projections to the dorsal motor striatum
Dorsal striatal injections labeled neurons in several, distinct motor-related areas, including the M1, SMA, PM, and CMA cortices ( Table 1 ). The presence of labeled cells in anatomically distinct frontal cortical areas supports the notion of convergent corticostriatal motor circuits. Yeterian and Van Hoesen (1978) proposed that reciprocally interconnected cortical areas send convergent, overlapping projections to the striatum. Subsequently, Selemon and Goldman-Rakic (1985) found that although reciprocally interconnected cortical areas project to the same regions of the striatum, their patchwork of terminals interdigitates, suggesting that cortical afferents remain segregated. More recent studies provide evidence for overlapping corticostriatal projections from both reciprocally and weakly interconnected cortical areas (Parthasarathy et al., 1992; Flaherty and Graybiel, 1993; Inase et al., 1996; Takada et al., 1998a,b) . There are substantial interconnections between M1, SMA, PM, and CMA cortices (Muakkassa and Strick, 1979; Godschalk et al., 1984; Matelli et al., 1984 Matelli et al., , 1986 Barbas and Pandya, 1987; Luppino et al., 1990; Morecraft and Van Hoesen, 1992; Dum and Strick, 1993; Luppino et al., 1993; Lu et al., 1994) . However, not all of these cortical areas have overlapping terminal fields within the striatum. Recent anterograde studies show some overlap of somatotopic projections from M1 and SMA, and SMA and PM areas, but segregated terminals from M1 and PM areas within the putamen. Furthermore, although there is overlap of terminals from M1 and SMA, the densest projections to the putamen are largely segregated Takada et al., 1998b) . Thus, although some projections from interconnected frontal cortical areas overlap, their primary projections remain segregated within the striatum. The present study demonstrates that discrete dorsal striatal sites receive projections from several distinct motor cortical areas, indicating convergence. However, each region of the dorsal striatum received a different set of motor cortical afferents, suggesting some segregation (Fig. 10 A) . Furthermore, differential motor cortical inputs to discrete dorsal striatal regions indicate that integration of specific aspects of motor control occurs at the level of the striatum.
To further characterize the functional organization of motor cortical inputs to the dorsal striatum, we analyzed the relative distributions of cortical inputs to each site from all motor-related areas in the frontal cortex (Table 1) . We organized motor areas in increasing order of their involvement in "higher-order" cognitive motor processing and decreasing order of direct involvement in movement execution based on anatomical (i.e., intercortical connections) and neurophysiological (i.e., relationship to different aspects of motor control) studies. Caudal motor areas, including M1, SMA, CMAc, and caudal PM areas, have descending corticospinal projections that closely modulate lower-motor neuron output and are primarily involved in the specifics of movement execution (Hutchins et al., 1988; Dum and Strick, 1991; He et al., 1993 He et al., , 1995 Luppino et al., 1994) . In contrast, rostral motor areas, such as Pre-SMA and CMAr, do not project to the spinal cord and have few connections with M1 (Muakkassa and Strick, 1979; Shima et al., 1991) . These areas are connected with prefrontal cognitive and limbic cortical regions and are most active during learning of motor tasks and respond to rewards (Bates and Goldman-Rakic, 1993; Morecraft and VanHoesen, 1993; Lu et al., 1994; Nakamura et al., 1998; Shima and Tanji, 1998) . Intermediate motor areas, such as SMA and PM, appear to direct specific aspects of complex motor activities, including bimanual, reaching, grasping, and sequenced movements in relation to internal states or external stimuli (Kurata and Wise, 1988; Mushiake et al., 1991; Tanji and Shima, 1994; Fogassi et al., 1996; Graziano et al., 1997) . Thus, although all motor-related cortical areas participate in motor control, they are organized such that there is a rostral-caudal functional hierarchy. Rostral areas primarily process cognitive aspects of motor control, whereas caudal areas are more directly involved in movement execution.
Motor cortical projections to the dorsal striatum maintain this functional hierarchy. Dorsolateral putamen injections showed dense labeling in caudal motor areas such as M1, caudal PMvc, and CMAc, whereas ventral putamen and dorsolateral caudate injections labeled rostral motor areas such as PMvr, PMdr, Pre-SMA and CMAr (Table 1) . Central injections in the dorsal striatum received a mixture of caudal and rostral motor cortical inputs from SMA, PMd, PMv, and Pre-SMA. These results demonstrate that functionally related motor and premotor areas have convergent projections to specific regions of the dorsal striatum and suggest that these regions may integrate information regarding particular aspects of motor control, such as motor learning and movement execution. Predominately caudal motor afferents to the dorsolateral putamen are consistent with physiological studies indicating that this region processes information closely linked to aspects of movement execution (Crutcher and DeLong, 1984; Alexander and DeLong, 1985; DeLong et al., 1986; . Although neurons in the dorsolateral putamen show activity linked to movement onset, striatal neurons in the dorsomedial putamen and dorsolateral head of the caudate nucleus demonstrate premovement activity during cued tasks (Kimura, 1990; Gardiner and Nelson, 1992) . SMA projections primarily targeted the central, dorsal putamen, whereas PMv inputs mainly targeted the ventral putamen, suggesting that these striatal regions may differentially processes internally versus externally guided (i.e., visual) movements. PMdr and Pre-SMA inputs to the dorsolateral caudate suggest that this region may process more cognitive aspects of motor control, such as those prominent during motor learning. Consistent with these findings, activity of striatal neurons in the head of the caudate nucleus during learning of sequential hand movements is greater than that in the putamen (Miyachi et al., 1997) .
Organization of ventral thalamostriatal projections to the motor striatum
Both the ventral thalamic motor nuclei and the CM-Pf complex project topographically to the dorsal striatum. Although thalamostriatal projections from CM-Pf have been extensively studied Figure 10 . A, Surface plot of the relative density of labeled corticostriatal cells comparing the distribution of motor cortical projections with dorsal striatal sites (colors correspond to injections in striatal schematic above). B-D, Rostral to caudal schematics through the VA/VL complex summarizing the relative distributions of thalamostriatal neurons projecting to the same dorsal striatal sites. E, F, Schematics summarizing the distribution of labeled cells at rostral and caudal levels of the CM-Pf, or central, complex. For cortical and thalamic abbreviations, see legends in Figures 2 and 3 , respectively. AC, Anterior commissure; C, caudate nucleus; CMe, CPl, CPf, central complex, pars media, pars lateralis, and pars parafascicularis, respectively; GP, globus pallidus; OC, optic chiasm; P, putamen. (Fénelon et al., 1991; Francois et al., 1991; Sadikot et al., 1992a; Giménez-Amaya et al., 1995) , there are few reports of significant thalamostriatal projections from the ventral motor nuclei (Smith and Parent, 1986; Nakano et al., 1990; Druga et al., 1991) . VLo and VApc nuclei are primarily thought to relay pallidal output to motor cortical areas (Schell and Strick, 1984; Ilinsky and KultasIlinsky, 1987; Rouiller et al., 1994; Sakai et al., 1996; Hoover and Strick, 1999) . Although the CM-Pf complex also receives input from the pallidum (Kuo and Carpenter, 1973; Kim et al., 1975; DeVito and Anderson, 1982; Parent and DeBellefeuille, 1983) and the substantia nigra (Ilinsky et al., 1985) , it is not thought play a major role in relaying basal ganglia output to the frontal cortex. Our results indicate that VA/VL thalamostriatal projections constitute a major portion of thalamic afferents to the dorsal striatum, comparable to that from CM-Pf. The existence of direct VA/VL projections to the dorsal motor striatum suggests that ventral thalamic nuclei modulate corticobasal ganglia motor circuits and provide another route for striatal feedback.
In addition to VA and VLo nuclei, ventral thalamic projections to the dorsal striatum also arose from VPLo, VLc, and Area X. These nuclei primarily relay cerebellar output to the frontal cortex (Percheron, 1977; Kalil, 1981; Asanuma et al., 1983; Schell and Strick, 1984) . All dorsal striatal sites, with the exception of the most ventral injection, received inputs from thalamic, cerebellar relay nuclei (Table 2 ). Recent data suggest that cerebellar and basal ganglia circuits through the thalamus are not entirely segregated. Although the SMA and primary motor cortices were thought to receive separate VLo and VPLo inputs, respectively, several studies indicate overlap of VLo/VPLo inputs to these cortical areas (Matelli et al., 1989; Holsapple et al., 1991; Nambu et al., 1991; Strick, 1993, 1999) . Moreover, there is also some evidence for overlap of pallidothalamic and cerebellothalamic terminals in VLo, VLc, and Area X . Thus, like motor cortical areas, all dorsal striatal sites may receive contributions from both pallidal-and cerebellar-receiving, ventral thalamic nuclei. Thalamostriatal projections from VPLo, VLc, and Area X provide the first evidence for cerebellar inputs to the basal ganglia, specifically influencing motor circuits impinging on the dorsal striatum.
Convergent dorsal striatal afferents from interconnected ventral thalamic and motor cortical areas: functional implications
Ventral thalamic motor areas are intimately connected with frontal cortical motor areas (Wiesendanger and Wiesendanger, 1985; Matelli et al., 1989; Nakano et al., 1992; Dum and Strick, 1993; Matelli and Luppino, 1996) . Our findings indicate that interconnected ventral thalamic and cortical motor areas project to the same region of the dorsal striatum (Fig. 10) . VPLo projects to M1 and most of the caudal "secondary" motor areas. These areas issue dense projections to the dorsolateral putamen. VLo projects densely to SMA and the dorsal part of CMAc. VLo and SMA projections converged in the dorsal, central putamen. VLc is predominately connected with PMd, but also has connections with PMv and the ventral part of CMAc. VLc and PMd projections mainly target the dorsolateral caudate nucleus. Rostral motor areas, including PMdr, Pre-SMA, and CMAr, receive inputs from VApc. Striatal projections from these areas converge within the ventral putamen and dorsolateral caudate. These findings suggest that interconnected ventral thalamic and cortical motor areas modulate the same striatal output circuits and provide another mechanism for integration of motor information in the striatum.
The present study demonstrates a tight, anatomical and functional triad of basal ganglia input and output structures involving the frontal motor cortices, the dorsal striatum, and the ventral thalamic motor nuclei. Our findings clearly show that ventral thalamic projections play a dual role in basal ganglia circuitry: (1) relaying basal ganglia output to frontal cortical areas and (2) providing direct feedback to the striatum. Traditional models of basal ganglia function, however, emphasize the VA/VL thalamocortical projection. In these models, basal ganglia output disinhibits VA/VL thalamocortical circuits, resulting in the release of motor responses (DeLong, 1990; Parent and Hazrati, 1995; Wichmann and DeLong, 1996) . Reciprocal corticothalamic projections in this system have been suggested to provide positive feedback, serving as a "working memory" for the information encoded by the basal ganglia for a selected behavior (Houk and Wise, 1995) . The existence of ventral thalamostriatal projections raises the possibility that VA/VL projections also provide positive feedback, but to the striatum (Fig. 11) . We propose that positive feedback from VA/VL thalamostriatal projections functions to reinforce basal ganglia motor circuits necessary for performing a selected behavior. Although relatively unexplored, studies indicate that thalamostriatal inputs are excitatory and target mediumspiny neurons, or striatal output neurons, supporting a positive modulatory affect (Wilson et al., 1983; Dubé et al., 1988; Sadikot et al., 1992b) . Striatal feedback from VA/VL nuclei would therefore sustain disinhibition of specific thalamocortical circuits, which would release motor responses and keep a behavior "on task" until its goal is achieved. Alternatively, such feedback may further reinforce or facilitate selection of basal ganglia circuits that enable desired and suppress unwanted movements (Mink and Thach, 1991) . Figure 11 . Illustration of the subcortical basal ganglia-thalamic loop involving VA/VL thalamostriatal projections to the dorsal striatum. Open and black lines represent excitatory and inhibitory connections, respectively. Direct VA/VL projections to the dorsal striatum provide positive feedback, resulting in sustained disinhibition of thalamocortical output. Ventral thalamostriatal projections may also provide a route for cerebellar information to influence basal ganglia motor circuits.
